We study quantum teleportation via a two-qubit Heisenberg XXZ chain under an inhomogeneous magnetic field. We first consider entanglement teleportation, and then focus on the teleportation fidelity under different conditions. The effects of anisotropy and the magnetic field, both uniform and inhomogeneous, are discussed. We also find that, though entanglement teleportation does require an entangled quantum channel, a nonzero critical value of minimum entanglement is not always necessary.
INTRODUCTION
Quantum teleportation is a fascinating phenomenon based on the nonlocal property of quantum mechanics.
During teleportation, the unknown teleported state is destroyed in the sender's location and then recurs at the distant receiver's. This process relies only on local unitary transformations and some assistance from classical communication. Theoretically speaking, arbitrary quantum states can be teleported with fidelity (see section IV) better than any classical protocol [1] . As an important component of quantum information, quantum teleportation has received extent investigation both theoretically and experimentally.
Of the many schemes proposed, the scheme based on Heisenberg interaction in solid state systems is an attractive one. In solid state systems, the state at thermal equilibrium (temperature T . However, the former works devote attention primarily to the Heisenberg XY and XXX chain, and the anisotropic XXZ model has never been considered. The XXZ chain is a familiar Heisenberg chain and has been used to describe quantum computers based on NMR [5] and on electrons in Helium [6, 7] , so it is worth investigating. Also, the solid state structure is intrinsically inhomogeneous and magnetic imperfections or impurities are likely to be present, which lead to inhomogeneous stray magnetic fields.
Thus, it is necessary to take inhomogeneous magnetic fields into account. In this paper we study the quantum 
in the standard basis { 11 , 10 , 01 , 00 }, where
and maximal entanglement is generally inaccessible, the entanglement of the teleported states will be more or less lost.
In this section, we focus on how much the entanglement is transferred under various conditions. shown below, θ also controls the degree of entanglement. When the state described by Eq. (3) acts as the quantum channel, the output state is given by [9] ( ) ( The degree of two-partite entanglement is measured by the concurrence , which is defined as [10] 
Eq. (8) demonstrates that when is positive, it increases linearly as increases. If , for which even though the input state is maximally entangled, no entanglement can be teleported at all.
Thus, the maximum temperature of entanglement teleportation satisfies 
case is demonstrated here. For , when the uniform magnetic field is within the critical value, which is independent of , the value of is equal to that of . When the uniform magnetic field grows stronger, decreases sharply to zero. For , the trend is similar, except that decreases to zero smoothly instead of suddenly. Moreover, the critical value of the uniform magnetic field decreases as decreases. Viewed physically, at the limit, the entanglement of the quantum channel depends wholly on the ground state of Hamiltonian (1 Next, we turn to the effect of the inhomogeneous magnetic field. Fig. 2 shows the dependence of on T and and Fig. 2(a) and Fig. 2(b) correspond to antiferromagnetic and ferromagnetic case, respectively. When and the temperature is low, decreases monotonously as | increases; at higher temperature, reaches its maximum when is a finite value. Thus, as the temperature rises, the curve transforms into a double-peaked structure, though it is not obvious in the scale of Fig. 2(a) . In the case, is vanishing for . At the limit, when | grows beyond a critical value, rises quickly to a certain value and then decreases monotonously as increases. The figure at higher temperature is similar, but the step is not as steep and the critical value of is larger.
The characteristics shown in Fig. 2 ϕ is more distributed in the thermal equilibrium state at finite temperature, which is beneficial to entanglement teleportation. Though this effect is invisible at low temperature, it may become apparent as increases , which explains why the curve transforms into a double-peaked structure at higher temperature in Fig. 2(a) .
Previous studies [2-4, 11] argued that a nonzero critical value of minimum thermal entanglement is required to teleport quantum entanglement. However, our study shows that this conclusion is not universal. Eq. (8) and Eq. (9) show that at zero temperature, if is beyond the critical value , then . Thus, for an arbitrarily strong inhomogeneous magnetic field, the concurrence of output states is, though trivial, not vanishing. 
THE FIDELITY OF TELEPORTATION
In our discussion above, we mainly focused on how much entanglement is teleported. We now turn to the quality of the teleportation. In order to characterize the quality of the teleportation, it is useful to introduce the concept of fidelity [12] :
The fidelity is essentially the measurement of distance between two quantum states. The two states are equal for and orthogonal for . Thus, the larger is , the better the teleportation is achieved. In our model is expressed as
Generally speaking, the behavior of is similar to that of , except that it also depends on the input states. Again we first focus on the characteristics at zero temperature. In case of , for , when is within the critical value, we have , and otherwise we have Fig. 4(b) . Fig. 3 and Fig. 4 indicate that the behavior of at finite temperature is also close to that of , and we do not need to repeat our description. When the temperature is very high, the output states tend to equal mixture of the standard basis, so the fidelity tends to 0.25 independent of 
